Objectives: To examine the presence of pathogenic bacteria carrying New Delhi metallo-b-lactamase in the environment and to characterize the genome structures of these strains.
Introduction
The swift emergence and propagation of carbapenem-resistant bacteria causing fatal infections have attracted attention and raised concern globally. 1 The bla NDM-1 gene, encoding an Ambler class B New Delhi metallo-b-lactamase-1 (NDM-1), confers resistance to b-lactams and a wide range of antibiotics. 2 Since the first identification of an NDM-1-producing strain in India (2008), 3 bla NDM-1 -positive pathogenic bacteria have been detected globally, raising concern because of the limited treatment options. 2 Despite frequent clinical identification, NDM-1-positive bacteria were detected in drinking water, 2 hospital sewage 4 and wastewater treatment plant effluent. 5 The first NDM-9-positive ST107 Klebsiella pneumoniae strain, PPH1303, was isolated in 2014, 6 followed by a carbapenem-and colistin-resistant Escherichia coli strain (THJS02) carrying NDM-9 and MCR-1. 7 This bla NDM-9 gene encodes a protein that has one amino acid substitution (E152K) compared with NDM-1. 6, 7 In addition, NDM-9 presented clearly greater enzyme activity than NDM-1 on all tested b-lactams except monobactams, 6 slightly higher hydrolytic activity (k cat /K m ) with respect to cefotaxime, cefoxitin, imipenem and meropenem and higher affinity for imipenem and meropenem. 6 A conjugation experiment revealed that the bla NDM-9 gene, which was located on a 180 kb IncH plasmid, shared 99% identity with a partial sequence of plasmid pNDM-MAR despite the lack of the bla CTX-M-15 gene and genes encoding tellurite, mercury, chloramphenicol and aminoglycoside resistance. 6 In South Korea, ST340 K. pneumoniae carrying NDM-1 was first identified in 2010, 8 and this was followed by K. pneumoniae subsp. pneumoniae KP617, carrying both OXA-232 and NDM-1, 9 and K. pneumoniae, co-producing NDM-5 and OXA-181. 10 These findings suggested that microorganisms carrying NDM have been spreading clinically. Hence, we assumed that this enzyme has been disseminated into the environment from medical sources. In this study, three carbapenem-resistant Klebsiella variicola isolated from an urban river (Gwangju tributary) have been identified to have the novel variant NDM-9. To the best of our knowledge, this is the first report of the presence of variant NDM-9 genes in an urban river.
Materials and methods
Isolation of carbapenem-resistant bacteria (CRB) from river water
In September 2014, 500 mL surface water samples were collected by the river bank in sterile bottles from six locations in the Yeongsan River Basin, including Gwangju city tributary, South Korea ( Figure S1 , available as Supplementary data at JAC Online). The environmental samples were transported to the laboratory in a portable icebox and processed within 12 h. The water samples were passed through 0.45 lm membrane filters (Advantec, Tokyo, Japan) and the filters were incubated on MacConkey agar (Difco, Detroit, MI, USA) plates with 10 mg/L meropenem (SigmaAldrich, Milwaukee, WI, USA) for 48 h at 37 C. The colonies formed on the MacConkey agar plates were enumerated ( Figure S1 ) and a total of 216 CRB isolates (36 CRB isolates from each sampling location) were obtained using sterile toothpicks. All the CRB isolates obtained were screened for the bla NDM gene by using a previously described PCR protocol. 11 Among them, three CRB isolates were found to be positive for NDM by observing the amplicon using gel electrophoresis (data not shown).
Phenotypic screening for antimicrobial susceptibility
The MICs of 24 antibiotics for NDM-positive strains, namely GJ1, GJ2 and GJ3, were determined by using broth microdilution methods and Etest (bioMérieux, Durham, NC, USA) for b-lactams (ampicillin, piperacillin, cefoxitin, cefotaxime, ceftazidime, cefepime, aztreonam, imipenem, meropenem, ertapenem, doripenem), aminoglycosides (gentamicin, kanamycin, tobramycin), tetracyclines (tetracycline, tigecycline), quinolones (cinoxacin, nalidixic acid), fluoroquinolones (ciprofloxacin, norfloxacin), folate pathway inhibitors (trimethoprim), phenicols (chloramphenicol), fosfomycin and a miscellaneous agent (colistin), according to CLSI (M100-S24) and EUCAST.
WGS, contig assembly and replication type
Three NDM-positive strains, GJ1, GJ2 and GJ3, were sent to ChunLab (ChunLab, Inc., Seoul, South Korea) for WGS using the PacBio system (Pacific Biosciences, Menlo Park, CA, USA). Contigs derived from complete sequences were assembled by using SeqMan Pro v.12.1.0(141).421 (DNASTAR, Inc., Madison, WI). The chromosomal origin of replication was identified using DoriC 5.0 and plasmid origins of replications were determined by PlasmidFinder 1.3.
Gene annotation and NDM-9 gene identification
Annotation was performed with RAST 2.0. Amino acid sequences identified as NDM were determined as bla NDM-9 in the Protein BLAST (blastp) NCBI database. The antimicrobial resistance genes were annotated in the Antimicrobial Resistance Database (ARDB) and ResFinder 2.1. ISFinder was used to identify ISs. Intact integrons were identified according to Integron Finder 1.4. The genomic sequences were deposited in the GenBank database: GJ1, CP017281-84; GJ2, CP017849-53; and GJ3, CP017285-89.
Results
Identification of NDM-9-producing bacteria in urban river water Enumeration of CRB is presented in Figure S1 . The highest cfu count (800 cfu/mL) of CRB was detected in site C4 located in Gwangju tributary, Gwangju (approximate population size 1 470 000), where the three strains GJ1, GJ2 and GJ3 were found to be positive for NDM and were further identified as having new variant NDM-9 by amino acid sequence alignment ( Figure S2 ). These strains were further identified as K. variicola (99.19%) by average nucleotide identity (ANI), with 87.4% coverage of the genome, using the National Centre for Biotechnology Information (NCBI) database. Core genome comparison among GJ1, GJ2 and GJ3 showed that there were 5165 orthologues, that 99.7% of the orthologues were shared among the strains, and that 14 genes were found outside the core genome (Tables S1 and S2, Figure S3 ). All three strains were resistant to almost all b-lactams tested (except cefoxitin and piperacillin), aminoglycosides, folate pathway inhibitors and fosfomycin (Table S3) . GJ1 was found to show resistance to quinolones, while the other two strains were susceptible. GJ3 was resistant to piperacillin whereas the other two strains were intermediate.
IncFII(Y)-like plasmid carrying bla NDM-9
The genome features are shown in Table 1 . Plasmids pKPGJ-1a, pKPGJ-2a and pKPGJ-3a were found to be the largest plasmids, carrying the bla NDM-9 gene. Six SNPs we re detected among these plasmids (Tables S4, S5 and Figure S4 ). They possessed putative resolvase and the replicon gene repA2 encoding an IncFII-like replicon. The bla NDM-9 gene was located in a region of 21 kb bracketed by ISs (IS26, IS15, IS15DI, ISVsa3 and ISKpn25) and possessed transposon TnAS3, together with a 3.9 kb mercury resistance operon located upstream and a class 1 integron downstream (Figure 1 ). Truncated ISAba125 was located in front of bla NDM-9 . In the class 1 integron, an array of gene cassettes encoding resistance to trimethoprim (dfrA12), streptomycin (aadA2) and sulphonamide (sul1) was captured by a 59 bp recombination site (attC), carried out by the integron integrase (IntI1), inserted immediately after the promoter (Pc 0 ) and integron attachment site (attI). An antimicrobial resistance gene conferring resistance to aminoglycosides, aph(3 0 )-Ia, was located downstream of the class 1 integron.
Antibiotic resistance gene determinations
A total of 13 antibiotic resistance genes were identified ( has been known to cause an intra-hospital outbreak of sepsis 13 and bloodstream infections. 12 Recently, K. variicola carrying OXA-181 carbapenemase were isolated from a type of fresh vegetable.
14 Our study isolated three K. variicola (GJ1, GJ2 and GJ3) carrying the new and emerging bla NDM-9 genes from an urban river. The 108 kb IncFII(Y)-like plasmid carries the bla NDM-9 gene in a unique structure that is similar to the previously identified NDM-9, 6 but lacks the heat-shock regulons groES and groEL downstream (Figure 1) . The upstream region of the bla NDM-1 genes isolated in South Korea 9 and the USA 15 contained an integron and IS4321 and IS66, whereas in our study a mercury resistance operon was located upstream of bla NDM-9 , bracketed by IS26-TnAS3 and IS15, IS26 and IS15D1, respectively. Remnants of truncated ISAba125 ranging from 113 to 193 bp are found in front of bla NDM-9 , as has been described previously. 16 Class 1 integrons, which are often found in plasmids and transposons, facilitate genetic determinants for antimicrobial drug resistance in Gram-negative and Grampositive bacteria, contributing to the spread of resistance genes in healthcare settings. 17 Although bla NDM-1 genes were often identified on broad host range IncA/C-type-plasmid-carrying isolates in the New Delhi area clinically or environmentally, bla NDM-1 -carrying plasmids recovered Di et al.
from France, India and Switzerland were typed as IncF. 18 This narrow host range IncFII-type plasmid was frequently identified among E. coli involved in the spread of the bla CTX-M-15 gene globally. 18 While NDM cannot hydrolyse aztreonam, 3 strains GJ1, GJ2 and GJ3 show resistance to aztreonam; this may be due to the possession of genes that confer resistance to b-lactams, including ESBLs or efflux pumps. 19 The oqxA and oqxB genes encoding the OqxAB efflux pump, which confers resistance to fluoroquinolones and quinolones, 20 were found in the chromosomes of GJ1, GJ2 and GJ3. However, only GJ1 showed a high level of resistance to quinolones (256 mg/L). Reduced susceptibility to quinolones was found to be related to the expression level of OqxAB, regulated by a GntR-type regulator adjacent to the oqxAB operon, or the presence of quinolone resistance-determining region (QRDR) substitution. 20 In conclusion, NDM-9 has been spreading into the environment. The transfer routes of the bla NDM-9 gene cannot be readily elucidated since bla NDM-9 -positive bacteria have never been reported from hospitals in Gwangju city or South Korea. Careful monitoring of bacteria carrying the bla NDM-9 gene in the environmental and clinical settings should be considered. 
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